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Auxin transporters and binding proteins at a glance
Peter Grones1,2 and Jirˇı´ Friml1,2,3,*
ABSTRACT
The plant hormone auxin is a key regulator of plant growth and
development. Differences in auxin distribution within tissues are
mediated by the polar auxin transport machinery, and cellular auxin
responses occur depending on changes in cellular auxin levels.
Multiple receptor systems at the cell surface and in the interior
operate to sense and interpret fluctuations in auxin distribution that
occur during plant development. Until now, three proteins or protein
complexes that can bind auxin have been identified. SCFTIR1 [a
SKP1–cullin-1–F-box complex that contains transport inhibitor
response 1 (TIR1) as the F-box protein] and S-phase-kinase-
associated protein 2 (SKP2) localize to the nucleus, whereas auxin-
binding protein 1 (ABP1), predominantly associates with the
endoplasmic reticulum and cell surface. In this Cell Science at a
Glance article, we summarize recent discoveries in the field of auxin
transport and signaling that have led to the identification of new
components of these pathways, as well as their mutual interaction.
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Introduction
The plant hormone auxin [chemically indole-3-acetic acid
(IAA)], acts as a main coordinative signal in plants. It
modulates plant growth and development by controlling
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fundamental cellular processes, such as cell division, expansion
and differentiation (Mockaitis and Estelle, 2008). Cellular auxin
responses typically depend on auxin concentrations that mainly
result from intercellular auxin transport and auxin biosynthesis, as
well as metabolism. Over the past years, auxin transport proteins
and their regulators have been characterized in detail, broadening
our knowledge with regard to the polar auxin transport
mechanism and, hence, the formation of the auxin gradient,
organogenesis and differences in growth resulting in organ
bending (Ganguly et al., 2012; Vanneste and Friml, 2009).
Transport of auxin is usually accomplished by the combination of
two pathways: a long-distance pathway, in which auxin is
transported from its area of synthesis (i.e. from the shoot toward
the root, through phloem tissues) (Ljung et al., 2005; Swarup
et al., 2001); and a short-distance pathway that mediates cell-to-
cell auxin transport through specific auxin influx and efflux
carriers (Grunewald and Friml, 2010). There are four main classes
of active auxin transporters in Arabidopsis thaliana: pin-formed
proteins (PIN), proteins of the auxin transporter protein 1 (AUX1)
and auxin transporter-like protein (LAX) family (hereafter
AUX1/LAX), P-glycoproteins (PGP) of the ATP-binding
cassette (ABC) transporter family, and pin-likes (PILS), which
we will discuss below. Besides this, we will characterize three
identified auxin receptor systems – those mediated by (1) SCFTIR
[a SKP1–cullin-1–F-box complex that contains transport inhibitor
response 1 (TIR) as the F-box protein], (2) S-phase-kinase-
associated protein 2 (SKP2), both of which are localized in the
nucleus, and (3) ABP1, which localizes predominantly at the
endoplasmic reticulum (ER) and the cell surface.
Auxin transporters
PIN proteins act as auxin exporters, and, with some exceptions,
such as PIN5 or PIN8, they have a polar localization, being present
at a particular plasma membrane region within the cell where they
participate in directional auxin transport (Petra´sˇek et al., 2006;
Wisniewska et al., 2006). This process is required for the proper
auxin distribution during various plant development processes,
such as root meristem formation (Blilou et al., 2005; Friml et al.,
2002), tropic responses (Abas et al., 2006; Baster et al., 2012; Ding
et al., 2011; Rakusova´ et al., 2011), lateral organ development
(Benkova´ et al., 2003; Reinhardt et al., 2003) or embryo
development (Friml et al., 2003; Weijers et al., 2005). PIN5 and
PIN8 are localized at the ER where they presumably regulate auxin
homeostasis by pumping auxin into and out of the ER lumen (Dal
Bosco et al., 2012; Ding et al., 2012; Mravec et al., 2009).
The localization and maintenance of a polarized distribution of
PIN proteins at the plasma membrane is a dynamic process that is
required for cell polarity, differential auxin distribution and tissue
patterning. PIN proteins are internalized constitutively through
the clathrin-coated vesicle machinery (Dhonukshe et al., 2007;
Kleine-Vehn and Friml, 2008) and are then recycled back to the
plasma membrane (see poster). These processes are regulated by
various ADP-ribosylation factor (Arf) GTPases, Arf guanine-
nucleotide-exchange factors (Arf GEFs), such as GNOM (Kleine-
Vehn et al., 2008), GNOM-like 1 (Richter et al., 2007; Teh and
Moore, 2007) and BEN1/MIN7 (Tanaka et al., 2009), and Arf
GTPase-activating proteins (Arf GAPs), such as VAN3, which
partially acts in concert with GNOM (Naramoto et al., 2010). One
of the important cellular regulators of the polar targeting of PIN
proteins is phosphorylation, which is mediated by the serine/
threonine protein kinase pinoid (PID), which leads to apical
targeting of PIN proteins, and dephosphorylation by protein
phosphatase 2A, which leads to basal PIN protein targeting
(Michniewicz et al., 2007).
AUX1/LAX proteins are auxin influx carriers that are mostly
responsible for auxin transport from the apoplast into the
cytoplasm (Bennett et al., 1996; Swarup et al., 2001; Swarup
et al., 2008). This family of four proteins regulates different
developmental processes, such as lateral root formation (AUX1
and LAX3) or cotyledon vascular patterning (LAX2) (Swarup
et al., 2008; Pe´ret et al., 2012). Uniformly localized PGP proteins
at the plasma membrane are involved in the ATP-dependent
influx and efflux of auxin (Noh et al., 2001; Geisler and Murphy,
2006). In contrast to PINs, they are stably retained at the plasma
membrane regardless of any internal or external signal and,
hence, possibly mediate the basal intercellular transport of auxin
(Geisler et al., 2003; Cho et al., 2012). Based on the structural
similarity to the PINs, the PIN-likes (PILS) protein family has
been identified; these proteins localize to the ER and also
participate in auxin homeostasis at the ER (Barbez et al., 2012).
Both the PIN and PILS protein families are specific to the clade
of green plants, with PILS proteins being evolutionary older,
because they are found already in unicellular algae (Feraru et al.,
2012; Viaene et al., 2013).
Recently, the walls are thin 1 (WAT1) protein has been
identified as a tonoplast-localized auxin transporter that is also
involved in maintaining the intracellular auxin homeostasis
(Ranocha et al., 2013). Thus, both intracellular and intercellular
auxin transport systems together ensure the optimal cellular auxin
concentration that is required for mediating plant growth and
development.
Changes in cellular auxin concentration are transduced by
auxin signaling systems to mediate different cellular responses.
Three auxin receptor or co-receptor systems have been revealed
and their contributions to auxin signaling have been clarified in
the past few years, as discussed below.
Auxin perception by three receptor systems
The best-characterized auxin perception system is the co-receptor
composed of transport inhibitor response 1 (TIR1) or auxin
signaling F-box (AFB) proteins, and auxin- or indole-3-acetic-
acid-inducible family proteins (hereafter AUX/IAA), which
regulates auxin-dependent transcription in the nucleus (Ruegger
et al., 1998; Dharmasiri et al., 2005a; Kepinski and Leyser, 2005;
Tan et al., 2007; Caldero´n Villalobos et al., 2012). More recently,
SKP2a has been found to be able to bind auxin and to be one of
the crucial regulators of cell division (Jurado et al., 2010).
Finally, ABP1 has been found to be a key player in fast non-
transcriptional auxin responses (Ru¨ck et al., 1993; Steffens et al.,
2001; Robert et al., 2010; Xu et al., 2010; Xu et al., 2014).
Auxin-mediated transcriptional regulation by TIR1
TIR1 was first identified in a forward-genetic screen for mutants
that are resistant to auxin transport inhibitors (Ruegger et al.,
1997). TIR1 and the AFB proteins are F-box components of a
nuclear SCF-type E3 ubiquitin ligase (see below). In the presence
of high auxin concentrations, the TIR1- or AFB-containing SCF
complex targets the transcriptional AUX/IAA repressors (29
members in Arabidopsis) for degradation by the 26S proteasome
by mediating their polyubiquitylation (see poster) (Gray et al.,
2001; Dharmasiri et al., 2005b; Kepinski and Leyser, 2005;
Petroski and Deshaies, 2005; Tan et al., 2007; dos Santos
Maraschin et al., 2009). Degradation of AUX/IAAs leads to
release of auxin-response factors (ARFs), which are transcription
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factors, from the AUX/IAA–ARF heteromer, resulting in ARF–
ARF dimerization and induction of expression of auxin target
genes (Guilfoyle and Hagen, 2007; Korasick et al., 2014, Nanao
et al., 2014). Auxin-dependent co-immunoprecipitation and yeast
two-hybrid assays have revealed that TIR1 and ARFs have a
different affinity toward various AUX/IAA family members,
depending on the particular pair (Caldero´n Villalobos et al., 2012;
Gray et al., 2001; Greenham et al., 2011; Shimizu-Mitao and
Kakimoto, 2014; Yu et al., 2013).
Besides a conserved F-box domain, TIR1 also contains a
leucine-rich repeat (LRR) domain that is essential for its binding
to AUX/IAA proteins (Gray et al., 1999; Tan et al., 2007). This
observation was strengthened by identification of two point
mutations in this domain of TIR1 (D170E and M473L), which
increase the interaction of TIR1 with AUX/IAA proteins,
resulting in their faster degradation and thus in enhanced
transcription of auxin-responsive genes in the plant (Yu et al.,
2013). The TIR1 and AFB protein family are encoded by six
genes, and all of them are involved in auxin sensing to some
extent (Dharmasiri et al., 2005b; Greenham et al., 2011). TIR1
and AFB2 are positive regulators of auxin signaling (Parry et al.,
2009; Havens et al., 2012). There is evidence that AFB4 and
AFB5 function as auxin receptors and their exact role still needs
to be clarified; however, the role of AFB1 and AFB3 it this
process is still not completely clear (Caldero´n Villalobos et al.,
2010; Greenham et al., 2011; Parry et al., 2009; Walsh et al.,
2006).
The AUX/IAA proteins are encoded by early auxin-responsive
genes and act as transcriptional repressors in auxin responses
(Mockaitis and Estelle, 2008). Most AUX/IAA proteins consist of
four domains (Tiwari et al., 2001; Tiwari et al., 2004). It has been
shown that domain II is important for recognition by TIR1 during
auxin-induced destabilization of AUX/IAA proteins (Shimizu-
Mitao and Kakimoto, 2014). Domains III and IV of AUX/IAA
proteins share certain structural similarities with ARFs and
contribute to homo- or hetero-dimerization within and between
these two protein families (Guilfoyle and Hagen, 2012).
ARF transcription factors (a family of 23 members in
Arabidopsis) contain a DNA-binding domain (DBD) that
recognizes the auxin-response cis element (AuxRE) that is
located in the promoter of auxin-responsive genes (Guilfoyle
and Hagen, 2007; Ulmasov et al., 1997). Recently, a dimerization
domain has been identified in the DBD that is necessary for the
dimerization of ARFs; it is involved in ARF DNA binding and is
essential for proper ARF function in vivo (Boer et al., 2014). At
low auxin levels, AUX/IAA proteins are bound to ARFs and
undergo heterotypic ARF–AUX/IAA interactions that are
stronger and thus more favorable than homotypic ARF–ARF
interactions. It appears that multiple AUX/IAA proteins might be
required to efficiently repress the formation of an ARF-ARF
dimer (Korasick et al., 2014, Nanao et al., 2014). The recruitment
of the corepressor topless (TPL) and its associated chromatin-
modifying machinery to this complex results in inhibition of
transcription (Szemenyei et al., 2008; Tiwari et al., 2001).
Four different proteins participate in formation of the SCFTIR1
complex: TIR1, ring-box1 (RBX1), cullin 1 (CUL1), and
Arabidopsis SKP1-like 1 (ASK1). The activity of the SCFTIR1
complex is regulated by covalent coupling of related to ubiquitin
1 (RUB1), a protein similar to ubiquitin, to the CUL1 subunit of
SCF (del Pozo and Estelle, 1999). This process is coordinated by
several other enzymes; of these, the most important is auxin-
resistance 1 (AXR1). Modification of CUL1 by RUB1 appears to
be highly important for SCFTIR1 activity and normal auxin
responses (del Pozo et al., 2002). Mutations in the AXR1 gene
often result in an auxin-insensitive phenotype, such as reduced
apical dominance, fewer lateral roots or reduced gravitropic
response due to a decrease in the number of RUB1–CUL1
complexes (Lincoln et al., 1990; Leyser et al., 1993).
Deconjugation of RUB1 from CUL1 also contributes to
regulation of SCFTIR1 that is mediated by another enzymatic
multiprotein complex, the COP9 signalosome (CSN) (Serino and
Pick, 2013). Mutations in most of the CSN components confer
auxin-resistant phenotypes to plants and result in defects in
auxin-related developmental processes (del Pozo et al., 2002;
Dharmasiri et al., 2003).
Cell-type-specific auxin responses might also be influenced by
additional regulators of the SCFTIR1–AUX/IAA–ARF pathway.
For instance, TIR1 activity has recently been shown to be
modulated by nitric-oxide-mediated S-nitrosylation, which leads
to an increased TIR1–AUX/IAA interaction (Terrile et al., 2012).
Recent reports show that the SCFTIR1–AFB pathway is involved
in degradation of PIN proteins and their vacuolar targeting
(Baster et al., 2012), as well as links between auxin perception at
the cell surface and the auxin signaling machinery in the nucleus
(Tromas et al., 2013).
SKP2, an atypical auxin-binding protein
Involvement of both auxin receptor systems, ABP1 and TIR1/
AFB–AUX/IAA, in the processes of auxin-dependent cell
expansion and cell division has been observed (Schenck et al.,
2010; Chen et al., 2001). The direct effect of the cell-surface-
localized ABP1 on auxin-mediated cell cycle control suggested
that there was a nuclear target (Braun et al., 2008), and SKP2 has
been proposed as the potential downstream component that
regulates the proteolysis of cell-cycle-related transcription
factors. During the G1-to-S checkpoint in the cell cycle, some
transcription factors and other proteins need to be degraded
before the next phase can commence. SKP2, which is assumed to
be a part of an SCF complex, participates in this process and so
positively regulates cell cycle progression (Jurado et al., 2008).
Of the two SKP2 genes in Arabidopsis, SKP2a can bind to auxin
in cell-free assays and pulldown experiments, whereas SKP2b
cannot (Jurado et al., 2010; Manzano et al., 2012). Binding of
SKP2a to auxin enhances the interaction between SKP2a and
the cell-division-related transcription factors EF2C and the
protein dimerization partner of E2FB (DPB), which both are
subsequently degraded, thus allowing cell cycle progression (see
poster) (del Pozo et al., 2006; Jurado et al., 2008). In the skp2
mutant, this interaction of SKP2 with transcription factors cannot
occur, and EF2C and DPB accumulate in the cell. Although
E2FB, another cell division transcription factor, is degraded in an
SKP2-independent manner, E2FB is stabilized by auxin by an
unknown mechanism (Jurado et al., 2010). Thus, besides the
TIR1- or AFB-dependent auxin perception mechanism, SKP2
might provide an alternative pathway that contributes to the final
response to auxin in the nucleus.
ABP1 is a crucial regulator of fast non-transcriptional responses
Since its original identification as a soluble 22-kDa large
glycoprotein (Leblanc et al., 1997; Watanabe and Shimomura,
1998), ABP1 has been extensively studied as a candidate auxin
receptor. The presence of the KDEL retention motif at its C-
terminus suggests that ABP1 is predominantly localized in the
ER, but a small fraction can also be found in the apoplast, the
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extracellular space between the plasma membrane and the cell
wall (Jones and Herman, 1993). Despite the fact that most of
ABP1 is in the ER, the pH of the ER is not considered to be
favorable for an auxin binding. The best environment for auxin
binding, as experimentally proven, is at pH 5.5, which can be
found in the apoplast, implying that ABP1 senses auxin at the cell
surface (Jones and Herman, 1993; Diekmann et al., 1995; Tian
et al., 1995; Leblanc et al., 1999, Woo et al., 2002). Early studies
demonstrated that ABP1 is involved in the rapid regulation of
membrane potential and ion fluxes at the plasma membrane and
that it can positively control the auxin-induced cell swelling of
Arabidopsis protoplasts and pea hypocotyls (Steffens et al., 2001;
Yamagami et al., 2004). ABP1 overexpression in tobacco
(Nicotiana tabacum) plants causes only mild phenotypes,
namely epinastic leaf curvature (Jones et al., 1998), but the
abp1-knockout mutant has been reported to cause an embryonic-
lethal phenotype (Chen et al., 2001). Heterozygous abp1/ABP1
mutants also exhibit auxin-related defects, including root
skewing, slightly elongated roots and hypocotyls, and apical
dominance reduction, as well as decreased basipetal auxin
transport (Effendi et al., 2011).
Measurements of auxin transport imply that ABP1 has an
important role in the polarized auxin transport mechanism. It has
been demonstrated that auxin-regulated retention of PIN1 and
other cargos at the plasma membrane is mediated by ABP1 and is
independent of the SCFTIR1 machinery (Paciorek et al., 2005;
Robert et al., 2010). At low levels of cellular auxin, ABP1
reduces the cellular efflux of auxin by promoting PIN
endocytosis. By contrast, at high auxin levels, auxin binds to
ABP1 and inhibits endocytosis to stimulate auxin export from the
cell (Cˇovanova´ et al., 2013; Nagawa et al., 2012). ABP1
positively regulates the recruitment of clathrin to the plasma
membrane, which can be inhibited by auxin binding, leading to
the reduced internalization of PIN proteins and enhanced auxin
efflux. Auxin has been found to differentially regulate association
of clathrin light chain (CLC) and clathrin heavy chain (CHC)
with either the plasma membrane or the trans-Golgi network
(TGN), or early endosomes, in a manner that depends on ABP1
and is independent of TIR1 or AFBs. In the presence of auxin, the
association of CLC with the plasma membrane and TGN and
early endosomes is reduced dramatically, while, at the same time,
CHC begins to associate with these compartments (Robert et al.,
2010; Wang et al., 2013).
The question of how ABP1 transmits the auxin signal from the
cell surface to the cytosol in order to regulate different cellular
processes had been an enigma for decades but was recently
answered with the identification a transmembrane ABP1-
interacting partner. The plasma membrane-localized transmembrane
receptor-like kinase (TMK1) has been shown to interact with
ABP1 in an auxin-dependent manner (see poster) (Dai et al.,
2013; Xu et al., 2014). ABP1 and TMK1 form a cell surface
auxin-sensing complex that activates known downstream players
of the signaling pathway, such as the small GTPases of the Rho
of plants family (ROPs) and their associated ROP-interactive
CRIB motif-containing proteins (RICs) (Xu, et al., 2010; Chen
et al., 2012). Auxin can activate both ROP2 and ROP6 within
30 seconds and can promote interdigitated growth of the
epidermal pavement cells in Arabidopsis leaves leading to the
formation of a variety of cell shapes, and, hence, a tissue
resembling a jigsaw puzzle (see poster) (Xu et al., 2010). The
ROP2–RIC4 and ROP6–RIC1 pairs act antagonistically on
convex and concave sides of the lobes of pavement cells.
ROP2–RIC4 stabilizes the actin cytoskeleton in the lobes (Fu
et al., 2002), which reduces endocytosis of PIN1 and thereby
promotes the localization of PIN1 to the plasma membrane in the
lobes (Nagawa et al., 2012). By contrast, ROP6 loads RIC1 onto
the microtubules, which inhibits exocytosis and so generates
indentations (Fu et al., 2005). Once PIN1 is stabilized in the
lobes, ABP1 senses the exported auxin and then acts through
ROP6 in the opposite cell to form indentations there (Xu et al.,
2010). In Arabidopsis roots, ABP1-activated ROP6–RIC1
recruits the microtubule-severing protein katanin (KTN1)
during cortical microtubule rearrangement by promoting the
detachment of branched microtubules (Lin et al., 2013). Through
this mechanism, ROP6–RIC1 can regulate the association of
clathrin with the plasma membrane for clathrin-mediated
endocytosis (see poster) (Chen et al., 2012). Apart from
endocytosis modulation, ROP1 through its partner interactor of
constitutively active ROP1 (ICR1) can regulate PIN exocytosis
(Lavy et al., 2007; Hazak et al., 2010). ICR1 can directly interact
with subunit of exocyst complex SEC3A and thus control the
exocytosis rate of PIN proteins (Lavy et al., 2007).
Although the majority of the effects of ABP1 mentioned
above are related to non-transcriptional processes, there are
some indications that ABP1 also influences auxin-regulated
transcription. Conditional knockdown mutants of ABP1 have
impaired regulation of cell elongation and cell division, and the
mutants also display alterations in gene expression patterns in
response to auxin (Braun et al., 2008; Tromas et al., 2009). The
expression levels of some of the auxin-inducible genes, such as
those of the AUX/IAA family, SAUR and GH3, are reduced in an
ABP1-knockdown mutant and in the abp1/ABP1 heterozygous
mutant, suggesting that ABP1 can also affect the expression of
auxin-responsive genes (Braun et al., 2008; Effendi et al., 2011).
Active ROP (ROP-GTP) from tobacco expressed in Arabidopsis
enhances the transcription rate of auxin-responsive genes,
whereas expression of an inactive ROP (ROP-GDP) reduces
gene transcription. This provides evidence that ROP-mediated
signaling might act through the TIR1- or AFB-dependent AUX/
IAA or SKP2a pathways to affect transcription (Tao et al., 2002).
There is also some evidence that ABP1 might influence
components that are involved in the G1-to-S transition, either
independently of, or by acting through, SKP2a (Zazˇı´malova´ et al.,
2010). Interestingly, recent work indicates that ABP1 is also a
negative regulator of the SCFTIR1–AUX/IAA–ARF pathway
(Tromas et al., 2013). ABP1 can counteract the phenotypes that
are caused by the loss of the TIR1- or AFB-containing complex
and, hence, is likely to genetically act upstream of these F-box
proteins. Furthermore, knockdown of ABP1 also increases the
degradation of AUX/IAA through the SCFTIR1 ubiquitin ligase
pathway (Tromas et al., 2013). Moreover, an involvement of
ABP1 in cell wall loosening and consequent cell expansion had
already been described a decade ago (Steffens et al., 2001;
Yamagami et al., 2004). Only recently, ABP1 has been found to
control the expression of broad range of cell-wall-related genes,
especially of those genes that mostly participate in cell wall
remodeling, through a SCFTIR1/AFB-dependent pathway. In
particular, ABP1 plays a crucial role controlling the expression
of genes involved in remodeling of xyloglucan side chains, which
is an essential step for the spatial and temporal regulation of cell
expansion (Paque et al., 2014). Recently, a connection between
ABP1 and the phytochromes phyA and phyB has also been
proposed. ABP1 negatively regulates phyB-dependent signaling,
and thus hypocotyl elongation during shade avoidance syndrome
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(Effendi et al., 2013). Taken together, these results suggest that
auxin sensing at the cell surface might influence the sensitivity of
the nuclear auxin receptors and, therefore, that ABP1 mediates
not only non-transcriptional, but also transcriptional auxin
responses.
Perspectives
In the past few years, the plant hormone field has made remarkable
progress in understanding auxin perception and auxin signaling
machineries. Despite the fact that our knowledge about individual
signaling pathways has increased, there are crucial questions
remaining to be solved. Among the most challenging are to identify
the mechanisms that coordinate the different auxin perception
systems and the machinery that regulates the various cellular
processes that auxin is involved in, such as division and elongation.
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